We investigate by angle-resolved photoemission the electronic structure of in situ grown tetragonal CuO, a synthetic quasi-two-dimensional edge-sharing cuprate. We show that, in spite of the very different nature of the copper oxide layers, with twice as many Cu in the CuO layers of tetragonal CuO as compared to the CuO 2 layers of the high-T c cuprates, the low-energy electronic excitations are surprisingly similar, with a Zhang-Rice singlet dispersing on weakly coupled cupratelike sublattices. This system should thus be considered as a member of the high-T c cuprate family, with, however, interesting differences due to the intralayer coupling between the cupratelike sublattices.
The physics of cuprates is remarkably rich, ranging from high-temperature superconductors (HTSs) [1,2] to spin ladders [3, 4] . Their properties derive from the structure of the copper oxide layers, which evolves from CuO 2 in HTSs to Cu 2 O 3 in spin ladders by fitting more and more coppers into the layers, as in the family Sr n−1 Cu nþ1 O 2n (n ¼ 3; 5; …) [5] . Synthesizing systems with pure twodimensional (2D) CuO layers would be fascinating, but this goal has remained elusive. Interestingly, CuO-which has been studied as a model parent compound for the HTS cuprates due to its simple stoichiometry [6, 7] -does not contain copper oxide layers. Its low-symmetry monoclinic tenorite structure consists of crossed ribbons of edgesharing CuO 4 plaquettes [8] , and its magnetic excitations have 1D character (spinons) [9, 10] .
A tetragonal (elongated rocksalt) structure, much closer to that of the HTS cuprates, can be stabilized up to a thickness of several unit cells [11, 12] when CuO is grown epitaxially on a SrTiO 3 (001) substrate [13] . In tetragonal CuO (T-CuO), the Cu ions are at the center of edge-sharing elongated CuO 6 octahedra, which form infinite CuO planes stacked along the c axis. The ratio of the apical-to in-plane Cu-O distances is large (1.37), which reduces the interplane coupling. The inset of Fig. 1(a) illustrates the structure of a CuO plane, paved by edge-sharing CuO 4 plaquettes. The red square, which outlines one plaquette, is also the 2D unit cell, and a is the side of the 3D tetragonal unit cell. In this structure, copper atoms form a square lattice, but the oxygens are not between nearest neighbor (NN) coppers, as in the CuO 2 layers of the cuprates, but between next-NNs. As a consequence, the hopping and exchange parameters are expected to be quite small between NN coppers. Indeed, the Sr n−1 Cu nþ1 O 2n family consists of essentially decoupled spin ladders because the exchange coupling between NNs located in edge-sharing CuO 4 plaquettes is very small [3, 4] . To which extent the electronic properties of the CuO layers are related to those of the CuO 2 layers of the cuprate parent compounds is one of the important questions addressed by the present work. Some basic information about the electronic structure of T-CuO has been obtained by first-principles density functional [14, 15] and by LDA þ U calculations [16] , but the band structure has not been discussed or measured yet. The interest in this new material also stems from its predicted magnetic properties. An extrapolation from the behavior of other 3d transition metal monoxides, from MnO to NiO, suggests that the Néel temperature T N of T-CuO could be as high as 700-800 K [11] . A very recent experiment finds T N ¼ 600 K [17] . Such enhanced antiferromagnetic (AFM) coupling would open the way to new practical applications, but would also be quite interesting for scenarios of HTSs based on magnetic fluctuations [18] . Figure 1 gives an overview of the ARPES results on a thin film (6 unit cells) T-CuO sample. Figure 1(a) is a composite k x vs k y ARPES constant energy map measured at the top of the valence band E V . The ARPES features in an energy window of at least 1 eV below E V do not disperse as a function of the perpendicular wave vector k z [13] ; i.e., they have nearly 2D character. The map shows four strong intensity maxima, offset by 90°, in the first Brillouin zone (BZ), outlined by the red square in Fig. 1(a) , corresponding to the crystallographic surface unit cell. The fourfold pattern can be recognized in all adjacent BZs, outlined by dashed red squares, even if intensities are modulated by ARPES matrix elements. Namely, the signal is suppressed along the lines k x ¼ AEk y , crossing at (0,0), reflecting the scattering geometry and the symmetry of the Cu d x 2 −y 2 orbitals [13] . A closer inspection, however, reveals weaker replicas of this pattern in both the k x and k y directions, leading to an overall periodicity which is that of a two times smaller Wigner-Seitz cell in reciprocal space, rotated by 45°a nd shown in black. It is the BZ of a cð2 × 2Þ unit cell (shown in black in the inset) containing two Cu ions. It would be the relevant BZ if the layer were divided into two noninteracting sublattices, since it would correspond to the primitive unit cell of each sublattice. This is the first experimental indication that the coupling between the two sublattices through the interaction between NN copper atoms must be small.
The band dispersion is illustrated in Figs. 1(b) and 1(c). To avoid complications due to the intensity suppression along the diagonals k x ¼ AEk y , here and in the following we will discuss data collected from the BZ centered at (−4π, 0). In addition to the usual Γ, X, and M points, it will prove useful to define the midpoint X 0 between Γ and M (the X point of the small BZ), and pairs of points A; A 0 , and B; B 0 , symmetric with respect to the XX 0 line. If the two sublattices were completely decoupled, the pairs of points (Γ; M), (A; A 0 ) and (B; B 0 ) would be equivalent. Figures 1(b) and 1(c) present two E vs k ∥ cuts along the lines marked (b) and (c) in Fig. 1(a) . Cut (b) shows a band with maxima at E ¼ −2.35 eV at the A points of the BZ, in correspondence of the intensity maxima of Fig. 1(a) . This sets a lower limit to the band gap of T-CuO, which is therefore larger than in bulk CuO (1.35 eV [19] ). The secondary maxima at E ¼ −2.5 eV at the A 0 points, coincide with the replica features. The dispersion outlines the momentum dependence of the first ionization state of an edge-sharing CuO plane. As further discussed below, this is the Zhang-Rice singlet (ZRS) band [20] , typical of the 2D corner-sharing cuprates, i.e., a band with 1 A 1 symmetry, mainly d 9 L character, with both holes in wave functions with b 1g symmetry (one in the d x 2 −y 2 orbital of Cu, the other one in an appropriate linear combination of p orbitals of neighboring oxygens). It merges around −3 eV with a more intense band (labeled β) with a maximum at the X point. By analogy with the 2D corner-sharing cuprates, we assign the latter to a manifold of d 9 L states of different orbital symmetries [7] .
Figure 2(a) illustrates the experimental band structure measured along a ΓMXΓ contour, equivalent to the triangular contour of Fig. 1(a) , in the BZ centered at (−4π, 0). For the ZRS band, blue circles outline the
FIG. 1 (color online). (a)
Constant energy map at E V , measured at hν ¼ 120.5 eV and T ¼ 90 K. It is a composite of two data sets, one centered at PRL
determination of the peak position. The emergent symmetry suggested by the intensity map is still partially reflected in these data, but not fully since the pairs (Γ; M), (A; A 0 ), and (B; B 0 ) are not strictly equivalent. As a first step to interpret the experimental data, we have plotted in Fig. 2(c) the dispersion for the lower Hubbard band:
0 ½cosðk x aÞ cosðk y aÞ − 2t 00 ½cosð2k x aÞ þ cosð2k y aÞ − J½cosðk x aÞ þ cosðk y aÞ 2 ;
with t 0 ¼ −0.12 eV, t 00 ¼ 0.08 eV and J ¼ 0.125 eV used to fit the ARPES data for a single hole in the AFM background of the corner-sharing insulating cuprate Ca 2 CuOCl 2 [21] . This dispersion should be a good starting point if the CuO plane is seen as the superposition of the two interpenetrating corner-sharing sublattices (I) and (II) of Fig. 2(b) , as long as they are weakly coupled. It qualitatively captures the main features of the experimental dispersion, namely, the location of the band maxima and minima, but of course cannot quantitatively reproduce the energy difference between the pairs (A; A 0 ), (B; B 0 ), and (Γ; M). Adding a "diagonal" hopping t d between the two lattices, the dispersion becomes E 0 ðkÞ ¼ EðkÞ − 4t d ½cosðk x a=2Þ cosðk y a=2Þ;
which yields the red line in Fig. 2(c) . The symmetry of the original lattice, corresponding to the larger (red) BZ in Fig. 1(a) , is qualitatively recovered. The A; A 0 , B; B 0 , and Γ; M pairs of points are no longer equivalent, and the degeneracies are lifted, in qualitative agreement with the experiment, where EðΓÞ − EðMÞ ¼ 180 meV, EðAÞ − EðA 0 Þ ¼ 140 meV and EðBÞ − EðB 0 Þ ¼ 60 meV. The model of Fig. 2(c) , which consists in just adding a diagonal hopping to the dispersion of the excitations on the underlying sublattices, has mainly a pedagogical value, and cannot fully describe the complex dynamics of a strongly correlated hole propagating in the AFM background of the edge-sharing CuO plane. As a further step, we consider a generalized t-J model [22, 23] : Unprimed, primed, and double-primed indices refer to first, second, and third NNs on the same sublattice; m indicates NNs on the whole lattice.
Since the local geometry of the corresponding bonds is very similar to that of cuprates, we have adopted for t, t 0 , t 00 , and J typical values for cuprate superconductors taken from Ref. [24] . The diagonal hopping and exchange terms have been determined from a Cu 2 O 6 cluster along the lines of Ref. [25] . The coupling terms t d and J d reflect the CuðIÞd x 2 −y 2 − OðIÞp x;y − OðIIÞp x;y − CuðIIÞd x 2 −y 2 orbitals' overlap. We found a small but non-negligible t d ∼ −t=4 ¼ −100 meV and a very weak AFM exchange:
We then performed an exact diagonalization ofH tJ on a 32-site cluster to calculate the hole spectral function Aðk; ℏωÞ (Fig. 3, right column) . For our 32-site cluster, Aðk; ℏωÞ is only defined at a small number of k points. The corresponding spectra are shown in the left column of Fig. 3 , normalized to the same total integrated intensity. For each k point, the lowest-energy peak represents the coherent spectral weight. Those at higher energies belong to the incoherent spectral weight, which reflects dressing by electronic and magnetic excitations. The incoherent weight varies strongly from point to point. It is never small, and even becomes dominant at the M and X points, reflecting strong and k-dependent correlations. To enable a comparison with the ARPES spectra shown in the left column, a 500 meV Gaussian broadening was applied to the calculated spectra. This is much larger than the experimental energy resolution (30 meV), but typical of ARPES data from insulating cuprates [21] . The peak energies of the broadened spectra are shown as empty circles in Fig. 2(a) . For the M and X points, the peak energies are clearly not representative of the energy of the excitations, which are then separately indicated by empty diamonds. The theory describes the overall ZRS dispersion very well, and captures the inequivalence of the pairs of points (A; A 0 ), (B; B 0 ), and (Γ; M). The finite size of the cluster leads to a discretization and an underestimation of the incoherent spectral weight. Nevertheless, the experimental spectra are well reproduced, namely, the double peak structures at Γ and M, and especially the suppression of the coherent spectral weight around X. Let us emphasize that, on the basis of the present data and calculation, a determination through fitting of all hopping parameters is not possible. This is why we have adopted parameters typical of cuprates for t, t 0 , t 00 . However, the experimental results seriously constrain the value of the intralayer coupling t d between the sublattices. In particular, the splitting between the peaks at A and A 0 is proportional to t d with a coefficient that depends only weakly on the other parameters, and the experimental splitting of 140 meV imposes a value of t d ∼ −100 meV to a good accuracy.
We can now compare the electronic structure of edgesharing T-CuO with that of a representative corner-sharing cuprate. Figure 4(a) shows the first ionization state of T-CuO, and the ZRS band of Sr 2 CuO 2 Cl 2 [26] . The energies of the two bands have been aligned at the A 0 point maximum. The two dispersions are quite similar, notwithstanding the already discussed asymmetry of the conjugated points in T-CuO. This conclusively supports the assignment of the topmost band in CuO to the ZRS. The observation of a sharp kink in the momentum-dependent spectral weight distribution [13] reinforces the similarity with the electronic structure of the HTS parent compounds.
Our ARPES data indicate that the CuO layers of T-CuO are best understood as weakly coupled cupratelike sublattices. Accordingly, the electronic and magnetic properties can be expected to be very similar. However, as we will now briefly discuss, the weak coupling between the cupratelike sublattices can induce qualitative differences for some properties. At half filling, which is the case of the samples available so far, the system is a charge-transfer insulator, and in the limit of an infinite stack, it is expected to develop AFM order, with potentially a very high Néel temperature due to the stronger interlayer coupling than in high-T c cuprates, an expectation very recently confirmed [17] . This is not the whole story, however. Since each layer consists of two weakly coupled copies of the AF Heisenberg model on a square lattice, the ordering can take place with wave vector (0, π) or (π, 0) in the plane, leading to an additional Ising order parameter [27] [28] [29] . According to a recent study [30] , there are two scenarios for the phase transition. If the interlayer coupling is large the system will undergo a first-order transition to a lowtemperature phase where both the Ising and the Néel order parameter acquire a finite value, while for small interlayer coupling there should be a sequence of two phase transitions first to a phase with Ising order [fluctuations choose between (0, π) or (π, 0)], then to a phase with 3D AFM order. Although the results of Ref. [17] point to a single transition, further experimental investigations of the ordering process are necessary to fully clarify its nature.
Doping T-CuO away from half filling cannot be achieved chemically without introducing disorder in the CuO layers, but it may be realized in principle by a field effect approach employing ionic liquids [31] . This is a real challenge, and we will only briefly discuss this possibility here. By analogy to, e.g., Na-doped Ca 2 CuO 2 Cl 2 [32, 33] , the system can be expected to develop superconductivity upon doping. The two-sublattice structure has an interesting consequence, however. As shown in Fig. 4 , when the Fermi surface changes from holelike to electronlike, two types of electron pockets with different numbers of carriers would appear before another change of topology takes place that leads to a single type of electron pocket. This should be contrasted to the case of the high-T c cuprates where there is always only one type of pocket for both the electron and hole Fermi surface. The consequences on superconductivity are left for future investigation.
